Introduction
Precision linear actuators are required in a wide range of science and technology for positioning objects. In various positioning systems, such as positioning of optical elements, alignment of measurement samples, and manipulation of biological specimens, two or more objects should be positioned independently. In addition, it is also required that both the objects should be positioned with a long motion range as well as a high positioning resolution. For example, in a zoom lens system, which has an auto-focus function as well as a zoom function, two lenses are required to change the focal length of the whole system. In some literature, two actuators are utilized to drive the lenses independently [1] [2] [3] [4] [5] . In the work by Uchino et al two micro ultrasonic motors were installed to control zooming and focusing lenses independently in conjunction with screw mechanisms [2] . Oh et al designed a linear inchworm motor with zero-power latching in 2010 [3] . It was demonstrated potential application in camera module with motorized lenses when the zoom and auto-focus lenses were mounted to two of the proposed actuators respectively. However, with the miniaturization of the precision systems, it is required that the positioning system should have a compact size. Two independently driven actuators may lead to a delicate, space consuming and expansive mechanical setup.
On the other hand, a piezoelectric element (PZT) is one of the most well-used actuators for miniaturization because of its small size, fast response, high resolution and relatively large force output [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . To overcome the limited stroke of a PZT, many mechanisms have been designed for long stroke positioning by enlarging the extremely small displacement of the PZT. The most effective way is to accumulate the limited displacement of a PZT by repeating its step motion. In this way, microscopic small displacement of the PZT can be transferred to a macroscopic linear motion. The typical mechanisms of this type are inchworm mechanisms, impact drive mechanisms (IDMs) and smooth impact drive mechanisms (SIDMs). The inchworm mechanism usually employs three PZTs for discontinuous clamping and feeding operation, which may reduce the PZT driving frequency and cause vibration to the moving element [6, 7] . Both the IDM and SIDM are based on the principle of impact friction drive of the PZT. In comparison with the inchworm mechanism, the IDM or SIDM has a simpler construction, wider bandwidth and less vibration, but retains a long moving stroke and high positioning accuracy [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, they are suitable to be used to achieve a compact device. However, most of the mechanisms developed focused on positioning a single object by one IDM or SIDM. To the best of the authors' knowledge, there are few reports of IDM or SIDM that can position dual objects with only a single actuator.
An IDM is composed of a main body, a PZT and an inertial mass [8] [9] [10] [11] . The main body is moved by impact friction drive of the PZT. Since the PZT and the inertial mass move with the movement of the main body, the whole system is a 'self-moving' mechanism. On the other hand, the PZT of an SIDM is fixed on a base and connected to a friction element. A moving element is placed on the friction element and can be moved by smooth impact friction drive [12] [13] [14] [15] [16] [17] . Therefore, it is possible to fix the main body of an IDM and turn it into the 'base' for an SIDM. In this paper, an electromagnet is used as the main body of an IDM and is switched to be the base for an SIDM when fixed. By merging the two friction drive modes by releasing and clamping of the electromagnet, we propose a novel linear actuator that has a single PZT for positioning of dual objects. The linear actuator can position two objects independently with a long motion range as well as a high positioning resolution. The PZT is used to connect an electromagnet and a permanent magnet. The electromagnet (object 1) is driven in a guide way, and a steel plate (object 2) is attached on the permanent magnet by magnetic force. By alternating an on-off control of the electromagnet, the linear actuator can change the positioning modes between IDM and SIDM. When the electromagnet releases from the guide way, the linear actuator is operated in IDM mode, and the object 1 can be driven due to the impulse force based on IDM. Otherwise, when the electromagnet clamps on the guide way and stands still, the linear actuator becomes an SIDM. The object 2 can be then positioned subsequently. Therefore, by merging the operations of IDM and SIDM by a single PZT, the linear actuator can drive dual objects independently. The developed linear actuator has a simple structure and can be effectively assembled into compact devices. The principle and design of the linear actuator together with experimental results are presented.
Principle and design of the linear actuator
As shown in figure 1(a) , the linear actuator consists of an electromagnet, a PZT, a permanent magnet and a steel plate.
The electromagnet is placed on a base and serves as an object 1 as well as an IDM-SIDM conversion device. By turning on and off the voltage applied to the electromagnet, the electromagnet can clamp and release the base, respectively. One end of the PZT is bonded to the electromagnet by glue, and the other end is glued to the permanent magnet. The steel plate is employed as an object 2 so that it can be attached on the permanent magnet by the magnetic force.
Based on the principle of IDM and SIDM [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , a long stroke can be achieved when a saw-tooth voltage is applied to the PZT. As shown in figure 1(b) , when the voltage is driven with slow increase and rapid decrease, the PZT can slowly expand and quickly shrink, respectively. In the proposed actuator, the object 1 is driven based on the principle of IDM [8] [9] [10] [11] , and the object 2 is driven based on the principle of SIDM [12] [13] [14] [15] [16] [17] . By changing the on-off control of the electromagnet, the operation modes of IDM and SIDM can be alternated correspondingly. The driving principle of the linear actuator is shown in figure 1(a) . Firstly, the object 1 can be positioned by the following sequence.
(a) The electromagnet releases from the base in order to be positioned based on the principle of IDM.
(b) When the PZT expands slowly, the permanent magnet moves to the right while the electromagnet keeps stationary due to the static friction force on the interface.
(c) When the applied voltage decreases rapidly, the PZT shrinks quickly and generates an impulsive force to the electromagnet. The force exceeds the maximum static friction force and can pull the electromagnet to move. Due to conservation of momentum, the electromagnet can be driven to the right with a small distance.
Therefore, by repeating the steps from (a) to (c), the object 1 can be moved in theoretically infinite distance continuously. The backward motion can be obtained by exchanging extensions with contractions of the above steps. The positioning resolution is dependent on the displacement of one step motion of the one cycle above. It means that the object 1 is driven by dynamic friction force between the electromagnet and the base, not only for long motion range positioning (several cycles) but also for high resolution positioning (one cycle). Therefore, in the slow phase of the voltage applied to the PZT, the following condition must be met:
where m 1 is the mass of the object 1, m p is the mass of the permanent magnet, x 1 is the displacement of the object 1, x p is the displacement of the permanent magnet, F is the force generated by the PZT, and f 1s denotes the static friction force between the object 1 and the base. Therefore, the object 1 does not move at all. When the voltage is quickly applied to the PZT, the impact force is bigger than the static friction force (F>f 1s ). The object 1 can be moved by dynamic friction force between the electromagnet and the base. The motion of the object 1 is represented by
where f 1d denotes the dynamic friction force between the object 1 and the base.
On the other hand, to position the object 2, appropriate voltage should be applied to the electromagnet in order that the electromagnet can hold its position on the base.
Meanwhile, the whole system turns into an SIDM. Therefore, the object 2 can be positioned in the following steps.
(d) Sufficient voltage is applied to the electromagnet.
The electromagnet (object 1) clamps on the base and keeps stationary.
(e) The PZT expands slowly so that the object 2 can be moved with the PZT by the static friction force between the permanent magnet and the object 2. The magnetic force of the permanent magnet can hold the object 2 and keep the contact force of the interface constant. Therefore, compared with conventional SIDMs, no preload mechanism is needed in this mechanism, which simplifies the whole mechanical structure.
(f) The PZT shrinks quickly when the voltage rapidly decreases. The object 2 cannot follow fast motion of the permanent magnet and remains on site due to its inertia.
By repeating the steps from (d) to (f), the object 2 can be driven continuously with a long stroke. The moving direction can be reversed by modifying the applied voltage to increase rapidly and decrease slowly.
When the voltage is slowly applied to the PZT, the acceleration of the permanent magnet meets the following condition:
where f 2s denotes the static friction force between the permanent magnet and the object 2, m 2 represents the mass of the object 2. Therefore, the object 2 moves together with the permanent magnet.
When the voltage is quickly applied to the PZT, the acceleration of the permanent magnet becomes larger and slippage occurs between the permanent magnet and the object 2. In this case, the following condition must be met:
where x 2 is the displacement of the object 2, m 2 is the mass of the object 2, and f 2d is the dynamic friction force between the permanent magnet and the object 2.
On the other hand, high resolution positioning can be achieved when a slowly changed DC voltage is applied to the PZT. The acceleration of the permanent magnet should meet the condition expressed by equation (3) . Due to the static friction force between the object 2 and the permanent magnet, the object 2 is moved with the movement of the PZT without slippage. It means that the positioning resolution of the object 2 can be achieved as high as that of the PZT, which can be positioned in nanometer-scale. Therefore, based on the actuating sequence from (a) to (f), the two objects can be positioned independently. What is more, both the two objects can be positioned with a long stroke as well as a high resolution.
The drive characteristics of the objects depend on the voltage applied to the PZT, including the driving frequency, amplitude and duty ratio of the voltage. The duty ratio of the voltage in figure 1(b) is defined as t T Duty ratio 100%. 5 1 ( ) =F igure 2 shows the layout and a photograph of the constructed prototype linear actuator based on the principle shown in figure 1 . The electromagnet is designed to be relatively large for generating enough force to clamp on the base, whereas a small permanent magnet is employed in order to obtain a high bandwidth of the mechanism. The sizes of the electromagnet and the permanent magnet are 25 mm (L)×12 mm (W)×8 mm (H) and 2 mm (L)×1 mm To guide the electromagnet (object 1) and the steel plate (object 2), a T-shaped guide way is designed with a length of 60 mm. The guide way is made of steel, which is used for clamping the electromagnet. The electromagnet is a commercial product packaged by stainless steel with a surface roughness of 3.2. The bottom surface of the electromagnet is contacted to the guide way with a friction coefficient of approximately 0.15. The clamping force is 8 N when a DC voltage of 20 V is applied to the electromagnet. To measure the movement of the dual objects, a mirror 1 and a mirror 2 are utilized as the targets to be mounted on the ends of the objects 1 and 2, respectively. Consequently, the motion range of the object 1, which is determined by the length of guide way and that of the electromagnet, is 35 mm. The motion range of object 2 with respect to the permanent magnet is evaluated to be about 29 mm, which is determined by the length of the steel plate and that of the permanent magnet. The relative distance between the object 1 and the object 2, which is determined by the length of the electromagnet, the height of the PZT and length of the steel plate, is calculated to range from 1 mm to 30 mm.
Experiments

Dynamic behavior of the linear actuator
The resonant frequency of the PZT product itself is reported to be 261 kHz (no mechanical load). However, it is not useful in practical situations since it is quoted for free-space. Therefore, the dynamic behavior should be investigated for the proposed linear actuator. Since the experimental methods for measuring the dynamics of IDM and SIDM are almost the same [11, 17] , an experimental setup was established as shown in figure 3 for measuring the dynamic behavior of the linear actuator. The electromagnet was fixed by a jig made of rigid plastics. A 15 V peak-to-peak sine wave swept from 0 Hz to 90 kHz was applied to the PZT. The amplitude of the permanent magnet was measured by an optical fiber displacement sensor (MTI instruments, MTI-2100). Figure 4 shows the dynamic behavior of the linear actuator. It was observed that the resonance frequency was approximately 75 kHz. The result indicates that the PZT can be driven with a wide bandwidth of dozens of kHz in both IDM and SIDM modes.
Performance of the positioning of the object 1
After confirming the dynamic behavior, the linear actuator was packaged in a guide way to investigate the performance for positioning of the dual objects. As shown in figure 5 , the guide way was fixed by a jig made of rigid plastics. To measure the movement of the dual objects, the mirrors 1 and 2 were employed as the targets to be glued on the ends of the objects 1 and 2, respectively. To ensure the perpendicularity of the mirrors to the dual objects, a relatively large area of one side of each mirror was glued on the vertical surfaces of the objects 1 and 2, respectively. Then, the object 2 was attached on the permanent magnet and inserted into the guide way in company with the object 1. Correspondingly, the probes 1 and 2 of the optical fiber displacement sensor could be used for measuring the movement of the objects 1 and 2, respectively. All the experiments were repeated five times at different positions of the guide way.
To investigate the relationship between the frequency of the applied voltage and the mean velocity of the object 1, no voltage was applied the electromagnet so that the actuator could be driven in IDM mode. As shown in figure 6 , the amplitude of the voltage was set to be 30 V and the duty ratios were set to be 80% and 90%, respectively. It can be seen that it was not until 20 kHz that the object 1 began to move. It was thought that the frequency under 20 kHz was not enough to overcome the static friction force between the object 1 and the guide way. The object 1 began to move when the driving frequency became larger than 20 kHz. It indicates that the impact force generated by the PZT became large enough to move the object 1. When the duty ratio was 90%, the object 1 reached the maximum velocity of 5.4 mm s −1 at 40 kHz. However, the velocity decreased when the frequency of the voltage was larger than 40 kHz. This is because the displacement of PZT was distorted when the frequency increased to a certain value, which was not a saw-tooth shaped waveform as was the input voltage [15] . The variation trend of the velocity was similar at the duty ratio of 80%, and the maximum velocity was observed to be 4.8 mm s −1 at 50 kHz. Figure 7 shows the relationship between the amplitude of the voltage and the velocity of the object 1. The driving frequency was set as 40 kHz and the duty ratio was set to be 90%. It was observed that when the voltage was lower than 9 V, the object 1 did not move because the impact force of the PZT was insufficient to drive the object 1 at low voltage. When the voltage was increased from 9 V to 30 V, the velocity increased with the increase of the amplitude of driving voltage, and reached the maximum velocity of 5.4 mm s −1 at 30 V. The positioning resolution of the object 1 was determined by the displacement of one step motion of the IDM. Therefore, to know the positioning resolution of the object 1, several cycles of a saw-tooth voltage with amplitude of 9 V were applied to the PZT. The driving frequency of the voltage was set to be 40 kHz and the duty ratio was 90%, which was the minimum movement condition for the object 1 illustrated in figure 7 . As can be seen in figure 8 , the object 1 moved smoothly with a displacement of 1 μm when 25 cycles of the saw-tooth voltage were applied to the PZT. It means that the object 1 could make a step motion down to 40 nm. These results confirmed that the object 1 could achieve a high resolution as well as a long stroke.
Performance of the positioning of the object 2
On the other hand, to investigate the driving characteristics of the object 2, a voltage of 16 V was applied to the electromagnet. Therefore, the object 1 clamped the guide way and kept stationary. Then, the linear actuator could be operated in SIDM mode and the object 2 could be positioned independently when the voltage was applied to the PZT. Figure 9 shows the relationship between the frequency of the voltage and velocity of the object 2. The amplitude of the voltage was set to be 15 V and the duty ratios were set to be 80% and 90%, respectively. It can be seen that the object 2 began to move at 700 Hz and 1.5 kHz when the duty ratios were 80% and 90%, respectively. It means slippage occurred at the threshold frequencies when the saw-tooth applied voltage rapidly decreased. If the frequency was lower than the threshold frequencies, there was no slippage even when the PZT shrank rapidly, and the object 2 followed the movement of the PZT all the time and stood still. When the frequency became larger, the PZT shrank rapidly enough and the object 2 could not follow the movement of the PZT. Therefore, movement was generated to the object 2 and the displacement per cycle was approximately the same as the expansion of the PZT. It can be seen that the object 2 reached to the maximum velocity of 3.2 mm s −1 at 10 kHz when the duty ratio was set to be 90%. It should be noted that the velocity began to decrease when the frequency was larger than 10 kHz and did not move at 19 kHz, which was thought to be due to the distortion of the PZT displacement waveform driven by a high-frequency voltage. On the other hand, when the duty ratio was 80%, the highest velocity could be obtained as 4.8 mm s −1 at 15 kHz. The reason why the object 2 could be driven at higher frequency at the duty ratio of 80% was thought to be due to that the distortion of the PZT displacement waveform was not so serious as that at the duty ratio of 90%. Therefore, the object 2 could get a higher velocity by increasing the frequency. When the frequency was increased as high as 25 kHz, the displacement waveform of the PZT was distorted seriously that it could not move the object 2.
To investigate the relationship between the duty ratio of the applied voltage and the velocity of the object 2, the driving frequency was set to be 10 kHz and the voltage was set to be 15 V. As shown in figure 10 , a symmetric curve was obtained with respect to the center that was at the duty ratio of 50%. The velocity of the object 2 was approximately zero when the duty ratio was from 45% to 55%, which means the object 2 remained stationary. When the duty ratio became larger than 55%, the object 2 would move to the positive direction and reached the maximum velocity when the duty ratio was about 90%. On the other hand, the object 2 moved to the opposite direction when the duty ratio was less than 45% and reached the maximum velocity at the duty ratio of 10%. It should be noted that the duty ratio of the maximum velocity might vary at different frequencies due to different distortion extent of the PZT displacement waveform at different frequencies. For example, in figure 9 , when the frequency was lower than 12 kHz, the velocity at the duty ratio of 80% was lower than that at the duty ratio of 90%. However, the velocity at the duty ratio of 80% became larger than that at the duty ratio of 90% when the frequency was larger than 12 kHz. Figure 11 shows the velocity of the object 2 as a function of the amplitude of the applied voltage. The driving frequency was set as 15 kHz and the duty ratio was set to be 80%. It was observed that the object 2 could not be moved when the voltage was lower than 6 V. When the voltage was larger than 6 V, the velocity of the object 2 increased with the increase of the amplitude of applied voltage.
To confirm the positioning resolution of the object 2, the object 2 was driven to make small step motions by applying step DC voltages with amplitude of 0.6 V to the PZT. It can be seen from figure 12 that the resolution of the object 2 was confirmed to be 13 nm. It should be noted that the positioning resolution of the object 2 was higher than that of the object 1. This is because the static friction force should be overcome to move the object 1. It was required relatively large saw-tooth voltage to generate enough impact force, which limited the minimum positioning displacement of the object 1. In contrast, the object 2 was moved by the static friction force between the object 2 and the permanent magnet. It means that the object 2 could be directly fine-driven with the high resolution of the PZT, which was driven by a micro DC voltage. Therefore, the object 2 could achieve an extremely small displacement within the PZT stroke. The results also verified that the positioning resolution of the SIDM was higher than that of the IDM.
Positioning crosstalk of the objects 1 and 2
In the positioning of the object 1, when the object 1 was driven by the impact force generated by the PZT, frictional force was also induced between the permanent magnet and the object 2. It means that crosstalk error might be introduced to the object 2 during the movement of the object 1. Figure 13 shows the crosstalk of the object 2 when the object 1 was moved by the linear actuator. The duty ratio of the voltage was set to be 80% and the driving frequency was set as 50 kHz at 30 V. It can be seen that when the object 1 was driven 3.9 μm in the positive direction, the object 2 moved 0.9 μm in the negative direction, which means that the positioning crosstalk of the object 2 was approximately −23% of the movement of the object 1.
On the other hand, when the linear actuator was driven in SIDM mode, the object 1 was fixed on the guide way, and only the object 2 was driven by the actuator. To confirm whether crosstalk was introduced to the object 1, the movement of the two objects was measured simultaneously. The duty ratio of the voltage was set to be 80% and the driving frequency was set as 15 kHz at 15 V, which were the same as the parameters at the maximum velocity of the object 2. As shown in figure 14 , there was almost no crosstalk or vibration for the object 1 when the object 2 moved in the positive direction. It means that the object 1 could keep stationary when positioning the object 2.
It is known from the results that crosstalk only occurred to the object 2 in the IDM operation mode. That is why the object 2 should be positioned after the object 1 reached its desired position. In our future work, two optical lenses will be mounted to the objects 1 and 2 to verify the performance in the closed loop control of the linear actuator.
Conclusions
In this paper, a linear actuator was proposed for positioning of two objects by a single PZT which connected an electromagnet and a permanent magnet. By utilizing the electromagnet as the clamping mechanism, the actuator could merge the IDM and the SIDM for positioning two objects independently. In the operation mode of IDM, the electromagnet released from the guide way and served as the object 1. On the other hand, a steel plate was placed on the permanent magnet and served as the object 2. When the electromagnet clamped on the guide way, the object 2 could be positioned based on the principle of SIDM.
A prototype linear actuator was constructed for demonstrating the feasibility of the driving principle. Based on the principles of IDM and SIDM as well as the geometrical dimensions of the prototype linear actuator, the motion ranges of the objects 1 and 2 were calculated to be 35 mm and 29 mm, respectively. To investigate the performance of the linear actuator for positioning dual objects, two mirrors were employed as the targets for the objects 1 and 2, respectively. Correspondingly, two probes of an optical fiber sensor were used to measure the displacement of the two objects. It was verified the object 1 could achieve a maximum velocity of 5.4 mm s −1 as well as a high resolution of 40 nm in IDM mode. In the operation mode of SIDM, the maximum velocity of the object 2 was observed to be 4.8 mm s −1 and the positioning resolution was confirmed to be 13 nm. The results verified that both the objects could be driven independently with a long motion range and a high positioning resolution. 
